Molybdenum has several properties that make it attractive as a CMOS gate electrode material. The high melting point (~2610°C) and low coefficient of thermal expansion (5×10 -6 / ºC, at 20 ºC) are well suited to withstand the thermal processing budgets normally encountered in a CMOS fabrication process. Mo is among the most conductive refractory metals and provides a significant reduction in gate resistance as compared with doped polysilicon. Mo is also stable in contact with SiO 2 at elevated temperatures. In order to minimize short-channel effects in bulk CMOS devices, the gate electrodes must have work functions that correspond to E c (NMOS) and E v (PMOS) in Si. This would normally require the use of two metals with work functions differing by about 1V on the same wafer and introduce complexities associated with selective deposition and/or etching. In this paper, the dependence of the work function of Mo on deposition and annealing conditions is investigated. Preliminary results indicate that the work function of Mo can be varied over the range of 4.0-5.0V by a combination of suitable postdeposition implantation and annealing schemes. Mo is thus a promising candidate to replace polysilicon gates in deep sub-micron CMOS technology. Processing sequences which might allow the work function of Mo to be stabilized on either end of the Si energy band gap are explored.
INTRODUCTION:
According to the 1999 edition of the International Technology Roadmap for Semiconductors (ITRS) [1] , continued scaling of CMOS devices beyond the 100nm technology node (2002) will rely on fundamental changes in transistor gate stack materials. Current research is being driven by the search for post-SiO 2 gate dielectrics. The replacement of SiO 2 with high-κ gate dielectrics (metal oxides, metal silicates, etc.) will also necessitate the use of gate electrode materials (other than the conventional dual-doped polysilicon) that form thermodynamically stable interfaces with the dielectric. Also driving the change to alternative gate electrodes is the growing need for tighter threshold voltage control and lower gate resistivity in short channel CMOS devices. The most promising alternative gate electrode materials are thus likely to be metals or their immediate derivatives (nitrides, silicides, etc.).
The flexibility afforded by the use of polysilicon as a gate electrode material is immense. The relative ease with which the work function of polysilicon can be selectively modified on a wafer precludes the need to deposit/etch two different gate electrode materials. It is evident that this flexibility will be lost in moving to metal gate electrodes (unless mid-gap metal electrodes are used). Dual metal gate CMOS technology has been successfully demonstrated recently [2] ; however the processing sequence remains rather complicated. A simpler process flow, identical to the conventional CMOS process flow is desired.
One approach to incorporating metal gates while retaining the flexibility afforded by polysilicon is to use a metal whose work function can be engineered with relative ease. The selective conversion of a deposited metal film to its nitride is one such alternative. It is not trivial to pin the Fermi level of a metal at desired energy values. However, our recent experiments with sputter deposited molybdenum have provided encouraging results in this direction.
A high melting point, low coefficient of thermal expansion and low electrical resistivity make Mo an ideal material to withstand thermal processing budgets normally encountered in a CMOS fabrication process. Mo is also thermodynamically stable in contact with SiO 2 up to 1000ºC [3] and owing to its high melting point is also expected to be stable on other promising high-κ gate dielectrics (HfSi x O y , ZrSi x O y , etc.).
From a transistor performance point of view, the single most important physical property that a post-poly Si gate electrode must possess however is its electron work function at the dielectric interface. There is considerable variation in the reported values of the Mo work function and values ranging from 4.2V-4.7V [4, 5, 6, 7] have been reported. This leads one to believe that the effective work function of Mo is a function of deposition conditions, underlying dielectric and subsequent thermal processing.
In this paper, we report on investigations of the dependence of the Mo work function on post-deposition thermal processing. Our results indicate that the work function of Mo after annealing in the temperature range of 400-900ºC is always larger than that of as deposited Mo. This increase in the work function occurs fairly independently of annealing ambient and temperature. Annealing in argon ambient produced results similar to annealing in forming gas ambient even after taking the effects of oxide fixed charge into account. On the other hand, implanting the deposited Mo films with N +14 ions before thermal processing is seen to restrict this increase in the work function. The post-anneal work function is observed to be quite stable and immune to subsequent thermal processing. The remainder of this paper is organized as follows. Section 2 outlines the experimental work performed. Section 3 discusses the results of the various experiments in light of the electrical and other physical analyses. Section 4 summarizes the results and presents conclusions.
EXPERIMENT:
Mo gate capacitors were fabricated on lightly doped p-silicon substrates. Thermally grown SiO 2 was used as the dielectric. In order to determine the magnitude of fixed charge at the oxide interface and its effect on the flat band voltage, multiple oxide thicknesses were obtained on a single wafer. A few die on each wafer were implanted with N +14 ions (dose: 5E15/cm 2 ). After gate definition, wafers were annealed in Ar ambient. Annealing was performed at 400°C and 700°C for 15 minutes each. In order to emulate thermal budgets normally encountered in a CMOS process flow, all wafers received a high temperature rapid thermal anneal (900°C, 10s) and subsequent sintering in forming gas (10% H 2 ) at 400°C. Electrical characteristics were measured after each annealing step. The results are summarized in the following section.
RESULTS:
The Mo work function at the SiO 2 interface was extracted using values of the flat band voltage C3.2.2 for capacitors with varying oxide thickness. In a MOS system the flat band voltage V fb is related to the metal work function M by the following relationship:
where Q f indicates the magnitude of fixed charge density in the oxide, t ox is the oxide thickness and ox is the permittivity of SiO 2 . On a plot of V fb vs. t ox , the intercept corresponds to the value of MS , the metal-semiconductor work function difference while the slope of the linear relationship between V fb and t ox is a measure of the fixed charge Q f in the oxide. The metal work function M on a p-type substrate is calculated using the following equation:
where Si is the electron affinity of the Si substrate, E g is the Si energy band gap and B is a measure of the potential difference between the intrinsic and doped Si Fermi level. Work function values obtained in this way should be considered to be fair approximations after accounting for uncertainties in the determination of V fb and the contributions of interface trap states. Figure 1 shows the above relationship between V fb and t ox for capacitors with as deposited Mo gates and Mo implanted with N +14 ions (5E15/cm 2 ). The results are summarized in Table I . Figure 2 shows the C-V characteristics after the various annealing steps. It can be seen that the effective work function of as deposited Mo (without any implantation) is ~4.4V, while annealing at high temperature (700°C, 900°C) in argon ambient increases the work function by ~0.6-0.7V. A post RTA sintering anneal at 400°C slightly reduces the work function. Increase in the work function of metals at dielectric interfaces on post deposition annealing of MOS structures has been observed earlier. Matsuhashi and Nishikawa [4] observed that the work function of Mo deposited on Ta 2 O 5 increases by 0.3V on annealing in the temperature range 400°C-800°C. Although a clear explanation for this phenomenon is absent in recent literature, it is hypothesized that metal work functions at dielectric interfaces are dependent on the metal film morphology at the interface. The morphology of metal films deposited on dielectrics is known to vary with deposition temperature, pressure and technique (physical or chemical) [8, 9] . Deposition conditions will also influence subsequent evolution of the film morphology and the magnitude of residual stress in the film. Mo films in this study were deposited by sputter deposition on heated substrates (250°C). Figure 3 shows the results of x-ray diffraction analysis of Mo films after deposition and annealing at various temperatures. The presence of a well-defined Mo (110) peak is evidence of a columnar grain structure with (110) planes parallel to the substrate. The columnar grain morphology is also clearly observable in the cross-sectional SEM view of Figure  3 . Mo is also highly prone to oxidation at elevated temperatures [10] and the possibility of oxidation bringing about an increase in the work function at the interface cannot be discounted. MoO 2 is known to be conductive and hence as long as the MoO 2 is formed without chemical reaction at the interface, oxidation is unlikely to alter the oxide capacitance. Dipole layers formed at metal-dielectric interfaces also contribute to the metal work function at the interface. 
Local changes in crystalline orientation at the interface on thermal processing will thus affect the metal work function values through changes in the dipole moment at the interface.
Capacitors with N +14 implanted Mo gates did not show normal C-V characteristics up to 700°C annealing. This is most likely a result of extensive amorphization of the Mo films on exposure to a high implant dose. After annealing at 700°C however, these capacitors demonstrated normal C-V characteristics as shown in Figure 2 . It can be observed that N +14 implantation induces a negative lateral shift in the C-V curves, indicating a reduction in work function (~0.4V). In general, negative shifts in V fb are indicative of increasing positive fixed charge in the dielectric. However, comparing the slopes of the V fb vs. t ox relationships for implanted and unimplanted capacitors does not reveal any significant change in the oxide fixed charge due to implantation. Implantation produces a near uniform reduction in V fb regardless of the oxide thickness. It can thus be concluded that N +14 implantation into Mo reduces the effective work function. The same devices were then subjected to a 900°C RTA in Ar ambient to simulate thermal budgets during source/drain annealing in a conventional CMOS process flow. As seen in Figure 2 , this high temperature anneal increases the flat band voltage by 0.4-0.5V, almost negating the effects of the prior 700°C anneal. Low temperature sintering does not further change the work function. A N +14 implant thus leads to a metastable low work function state in the MOS system. It is hypothesized that N +14 implantation changes the dipole charge distribution at the Mo/SiO 2 interface. Increase in the interface dipole charge density manifests itself in the C-V characteristics. This change however is not observed without sufficient "activation" of the implanted charge (brought about by annealing at 700°C). Concurrent with the activation of the implanted N +14 ions, the high temperature annealing is also likely to cause nitrogen outdiffusion, and the resulting dose loss can bring about an increase in the work function with an excessive thermal budget (900°C, 10s). Nevertheless, the implantation does have the effect of restricting the Mo work function to a value in the upper half of the Si energy band gap. Further optimization of the thermal processing and incorporation of suitable techniques to prevent nitrogen outdiffusion are expected to enable precise control of the Mo work function near that of n+ polysilicon. The dependence of the work function on implant dose and energy also needs further investigation. ) into the Mo film before patterning produces a metastable low work function state. N +14 implantation followed by high temperature (700°C) annealing lowers the Mo work function to ~4.0V. Further high temperature annealing negates the earlier change to bring the Mo work function closer to the as deposited value. Further optimization of thermal processing and fabrication sequences needs to be performed to enable precise work function control.
